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Abstract The three-dimensional structures of the complete
haemagglutinin (HA) of influenza virus A/Japan/305/57
(H2N2) in its native (neutral pH) and membrane fusion-
competent (low pH) form by electron cryo-microscopy at a
resolution of 10 Aî and 14 Aî , respectively, have been determined.
In the fusion-competent form the subunits remain closely
associated preserving typical overall features of the trimeric
ectodomain at neutral pH. Rearrangements of the tertiary
structure in the distal and the stem parts are associated with the
formation of a central cavity through the entire ectodomain. We
suggest that the cavity is essential for relocation of the so-called
fusion sequence of HA towards the target membrane.
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1. Introduction
In£uenza virus enters the host cell via receptor-mediated
endocytosis [1]. The integral membrane protein haemaggluti-
nin (HA) of in£uenza virus mediates fusion of the viral and
endosomal membranes. HA is organised as a trimer of three
84 kDa monomers, each containing two disulphide linked
subunits, HA1 and HA2. HA is anchored to the viral mem-
brane via the C-terminus of HA2. The acidic pH in the endo-
some triggers a conformational change of the haemagglutinin
ectodomain [1] which activates the fusion capacity [2,3]. The
three-dimensional structure of the bromelain-cleaved ectodo-
main of HA (subtype H3) at neutral pH is already known
from X-ray crystallography at a resolution of 3 Aî [4]. The
¢rst 20 amino acids of the N-terminus of HA2 ^ the so-called
‘fusion sequence’ ^ are located at a distance of 35 Aî from the
viral membrane, oriented towards the trimer interface. While
attempts to crystallise the ectodomain after its exposure to
low pH failed, signi¢cant progress in understanding the spa-
tial structure of this conformation was provided recently by
studies with synthetic peptides [5] and from the X-ray crystal
structure of fragments of the ectodomain obtained after sev-
eral enzymatic treatments of HA (H3) upon acidi¢cation [6,7].
These studies suggest a ‘spring-loaded’ conformational change
in that the loop of the HA2 subunit connecting two K-helices
in the neutral form becomes now part of an extended trimeric
coiled coil, thereby moving the fusion sequence to the tip of
HA towards the target membrane. A 180‡ turn reorients the
remaining C-terminus antiparallel towards the triple stranded
coiled coil implying the colocalisation of the fusion sequence
and the membrane anchor at one end of this rod-like structure
[7,8]. Similar motives of a rod-like structure have been found
for ectodomain fragments of the fusion proteins of other vi-
ruses and the SNARE complex involved in synaptic fusion
(for review see [8]).
Mutations in the coiled coil region support the relevance of
the spring-loaded conformational change for HA-mediated
fusion [9]. However, previous studies strongly imply that other
domains of HA must reorientate for fusion activation
[1,10,11]. To unravel those structural alterations as well as
the conformational pathway leading to the fusion active con-
formation the three-dimensional (3D) structure of the intact
HA has to be determined. Here, by employing electron cryo-
microscopy and image reconstruction, we present the 3D
structure of intact HA upon activation of its fusion capacity.
This structure serves to develop a model for the relocation of
the fusion sequence towards the target membrane.
2. Materials and methods
2.1. Preparation of in£uenza virus
In£uenza virus A/Japan/305/57 (H2N2) was grown for 48 h in the
allantoic cavity of 10 days embryonated hen eggs and puri¢ed [12].
Fusion of in£uenza virus A/Japan/305/57 with erythrocyte ghost mem-
branes was measured by £uorescence dequenching of the lipid-like
£uorophore octadecylrhodamine B chloride (R18, Molecular Probes,
Eugene, OR, USA) initially incorporated into the viral membrane at
selfquenching concentration (approx. 2 mol% of total viral lipid) as
described [13,14].
2.2. Isolation of HA
Twenty mg virus was solubilised in 2.5 ml phosphate bu¡ered sal-
ine, 150 mmol/l NaCl (PBS), pH 7.4, containing 140 mg octylglycoside
(Alexis Corporation, La«utel¢ngen, Switzerland) by shaking on ice for
1 h [12]. After centrifugation for 60 min at 100 000Ug, the super-
natant containing the HA in detergent micelles was puri¢ed by a⁄nity
chromatography on ricin A (Sigma Chemical Corporation, Deisenho-
fen, Germany). To remove the detergent and galactose 1 vol of sample
was dialysed against 500 vol PBS and the purity of the HA was
veri¢ed by SDS-PAGE. In the course of our study it was found to
be advantageous to limit the dialysis to 15 min, thus keeping the
number of HA trimers per rosette relatively low.
2.3. Electron cryo-microscopy
The rosettes of HA trimers were diluted 1:10 either with PBS (pH
7.4) or with a sodium acetate bu¡er (pH 4.9) and incubated for 10 min
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at 4‡C. Contrast material (1% PTA) was added to the rosette solu-
tions, applied to electron microscopy grids and immediately vitri¢ed
by plunging into liquid ethane [15]. The PTA solution used in all cases
was adjusted to pH 7.4 to avoid any pH dependent e¡ect of PTA on
the HA structure. A Gatan specimen holder/cryo-transfer system was
used to image the samples in a Philips CM12 microscope under low
dose conditions, at 3174‡C, using a primary magni¢cation of 58300U
and a defocus value corresponding to a ¢rst zero of the CTF at V8.5
Aî (neutral pH) and V12 Aî (low pH) respectively. Although our EM
specimen preparation procedures are essentially the same as used for
conventional cryo-microscopy [16] we have added Phospho-Tungstic-
Acid to the sample on the grid. By that we obtained an embedding
matrix with a somewhat higher contrast than conventional vitreous
ice, allowing one to localise the particles in the micrographs even
when the microscope is operated relatively close to focus.
2.4. Reconstruction of 3D structure of HA
Good electron micrographs (veri¢ed by optical di¡raction) were
digitised using the Image Science Software GmbH checkerboard den-
sitometer with a pixel size corresponding to 2.2 Aî on the specimen
scale. All image processing was performed with the IMAGIC-5 soft-
ware system [17] on SUN and DEC-alpha workstations. The HA
trimers were extracted from the digitised micrographs (2928 and
1833 trimers at neutral and acidic pH, respectively) as 90U90 ¢elds
and these images pre-processed by standard procedures were submit-
ted to multi-reference alignment [18], MSA data compression and
automatic classi¢cation [19] to yield noise-free projection images.
Using the ‘angular reconstitution’ technique [20] Euler angles were
assigned to each of the projection images and a preliminary three-
dimensional reconstruction was obtained. Iterative re¢nement proce-
dures [21] were then applied leading to the ¢nal 3D reconstruction.
The resolution in the reconstructions was assessed by separating the
¢nal class averages into two groups and using these groups to
generate two di¡erent 3D reconstructions which were compared
over corresponding shells in Fourier space (Fourier Shell Correlation).
The 3c threshold criterion curve was multiplied by the value k3 = 1.73
to account for the C3 pointgroup symmetry assumed during the proc-
essing which makes that only one third of the 3D Fourier space
volume was independent [22]; the ¢nal resolutions were thus estimated
to be V10 Aî for the neutral pH 3D reconstruction and V14 Aî for
the pH 4.9 reconstruction. For the present 3D reconstructions the
information up to the ¢rst zero of the contrast transfer function
(CTF) was taken into account. The relative amplitudes of the spatial
frequencies were normalised in order to avoid the unproportional
representation of the signal in Fourier space. The combination of
the electron microscopic imaging parameters and data analysis proce-
dures (cf. ¢ltering) yielded radial amplitude spectrum distributions
which were quite similar to that of the X-ray map; this fact is re£ected
in the close similarity between the surface rendered images (Fig. 2).
3. Results
3.1. 3D structure of HA at neutral pH
We have isolated HA from in£uenza virus A/Japan/305/57
(H2N2) [23], which maintains its fusion potential upon pro-
longed incubation at acidic pH [24]. In contrast, often used
strains of in£uenza A virus such as X31 (H3) and A/PR 8/34
(H1) may rapidly inactivate at low pH in the absence of target
membranes [11,25^27]. Upon removal of detergent, HA
trimers associate into ‘rosettes’ [28,29] in which their various
orientations can be exploited in order to reconstruct the three-
dimensional structure from electron microscopical images.
The rosette samples were incubated either at neutral pH
(7.4) or at acidic pH (pH 4.9) and subsequently prepared
for cryo-microscopy (Fig. 1).
Trimers were selected interactively from the digitised micro-
graphs and, after alignment, similar images were averaged
into classes of ‘characteristic views’. The Euler orientations
of these relatively noise-free projection images were deter-
mined by angular reconstitution [20] under the constraint of
C3 symmetry. The resulting neutral pH ectodomain structure
at a resolution of 10 Aî is depicted in Fig. 2A. (The anchoring
of the transmembrane domain within the central lipid mass of
the rosettes remains unresolved and has therefore been ex-
cluded from the reconstruction procedure.) This structure is
in excellent agreement with the known X-ray crystallographic
structure (Fig. 2B) of the bromelain-cleaved ectodomain of
HA from in£uenza X31 [4]. The length (V135 Aî ) of the
ectodomain and the diameter of its top region (V60 Aî ) are
almost identical. Close to the 3-fold axis in the EM recon-
struction, structural details can be identi¢ed (Fig. 3A, B) to
correspond to the triple coiled coil known from the X-ray
structure [4]. Some minor di¡erences exist between the EM
reconstruction and the X-ray map (arrows in Fig. 2).
The ¢rst conclusion to be drawn from this remarkable sim-
ilarity is that the combination of specimen preparation (vitre-
ous ice embedding including PTA), close to focus cryo-mi-
croscopy, and the angular reconstitution computational
Fig. 1. Electron micrographs of in£uenza haemagglutinin (HA). HA
trimer rosettes were isolated from in£uenza virus (strain A/Japan/
305/57 (H2N2)) and embedded in a matrix of vitreous ice containing
Phospho-Tungstic-Acid (PTA, 1% (w/v)). A: After incubation for
10 min at 4‡C at neutral pH (7.4). B: After incubation for 10 min
at 4‡C at low pH (4.9) where HA is in a conformation that can
trigger fusion of viral and host membranes. Individual trimers of
HA are encircled in white.
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procedures is indeed capable of elucidating the 3D structure
of such membrane proteins with great ¢delity. The second
conclusion is that the 3D structure of the native ectodomain
of di¡erent HA subtypes is very similar. So far the structure
of the ectodomain of only one virus strain (H3, X31) was
known. The third conclusion is that our study con¢rms that
the HA ectodomain in the X-ray crystallographic structure [4]
has indeed not been a¡ected by the bromelain cleavage of the
transmembranes and the intraviral HA domains.
3.2. 3D structure of HA at acidic pH
Having established the reliability of our methodology, we
now turn to the main goal of our investigations, the confor-
mation of the trimeric ectodomain at acidic pH (4.9). Under
this low pH condition, signi¢cant fusion of in£uenza virus A/
Japan/305/57 with erythrocyte membranes can be observed
even at 4‡C (results not shown) and no indication of any
low pH mediated inactivation of the fusion potential can be
detected [11]. The homogeneity of the population was an es-
sential precondition for a successful three-dimensional recon-
struction, since the image processing procedure requires pro-
jection images of the molecules in a well-de¢ned structural
state. Thus, we here study the three-dimensional low pH
structure of the complete ectodomain of the intact HA trimer
in a de¢ned and fusion-competent state, not cleaved enzymati-
cally or in any other way compromised by the necessity to
grow crystals. The resulting structure, at a current resolution
Fig. 2. The 3D structure of the haemagglutinin trimer at neutral
pH. 3D reconstruction of the ectodomain of the in£uenza haemag-
glutinin trimer (A/Japan/305/57 (H2N2)) at neutral pH determined
from cryo-electron micrographs (A) in comparison to the X-ray
structure (4), low-pass ¢ltered in order to provide a comparable res-
olution level (B). Small di¡erences between the X-ray and the EM
structure are indicated by arrows. The resolution of the EM struc-
ture, calculated from 2928 individual trimers, is V10 Aî as deter-
mined by Fourier Shell Correlation. Whereas in the X-ray structure
the membrane region was cleaved o¡ by bromelain treatment, this
part of the protein was included into the EM reconstruction, but is
not resolved due to lack of contrast caused by the neighbourhood
of lipids. The viral membrane, which is not shown in the representa-
tion, would then be located at the lower end of the haemagglutinin
trimer in a distance of 18 Aî .
Fig. 3. The 3D structure of the fusion-competent haemagglutinin trimer. Stereo views of 3D reconstructions determined from cryo-electron mi-
crographs of the trimeric ectodomain of in£uenza haemagglutinin (A/Japan/305/57 (H2N2)) at neutral pH (A) and at low pH (pH 4.9) (C).
The most signi¢cant di¡erences of the two conformational states of haemagglutinin are indicated by numbers: (1) a £attening of the top of the
distal domains, (2) a torsion of the ectodomain mainly in the part located above the membrane, (3) a refolding of the stem region of the
trimer, and (4) the formation of a continuous central cavity through the whole trimer (B, D).
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of 14 Aî , is shown in Fig. 3C, D. The ¢rst impression conveyed
by this 3D map is its similarity to the neutral pH one. The
subunits of the trimer remain closely associated preserving
typical overall features of the ectodomain at neutral pH (cf.
Fig. 3A and C). However, upon closer inspection, various
signi¢cant di¡erences between the two EM structures become
apparent, which are large compared to the marginal di¡er-
ences between the neutral pH structures by EM and by X-
ray crystallography, respectively. The most signi¢cant distinc-
tions are: (i) a £attening of the top of the distal domains, (ii) a
torsion of the ectodomain mainly in the part located above
the membrane, (iii) a refolding of the stem region of the
trimer, and (iv) the formation of a continuous central cavity
through the whole trimer.
4. Discussion
We have employed the angular reconstitution/cryo-micros-
copy approach for the 3D reconstruction of intact HA in two
distinct conformations, in its native (neutral pH) and fusion-
competent (acidic pH) state. With the achieved resolution of
10 Aî and 14 Aî , respectively, detailed changes of the ecto-
domain are detected which allow ¢rm conclusions on this
fusion-competent structure. A striking feature of the fusion-
competent structure, con¢rming recent suggestions [6,24,
30,31], is that the subunits of the trimer remain tightly con-
nected. No de-trimerisation, i.e. opening of the HA1 mem-
brane-distal domain can be observed. Most surprisingly, a
central cavity or ‘channel’ through the entire ectodomain
has been found for the complete HA at low pH (Fig. 3).
The observed torsion of the monomers close to the membrane
surface causes a widening of the trimer interior reminding one
of an ‘iris diaphragm’ mechanism. Structural elements, which
represent helical parts of HA2, disappeared from the centre of
the ectodomain at neutral pH (Fig. 4). However, the 3D den-
sity map implies the reorientation of this central density away
from the trimer axis, towards the periphery of the ectodo-
main. The N-terminus of the HA2 may also be turned out-
wards from the subunit interface giving rise to an enhanced
£exibility of the HA2 subunit. We cannot preclude that due to
its hydrophobic properties, this segment remains associated
with the trimer surface upon its exposure rather than to pro-
ject out of the trimer.
Torsion is paralleled by alterations of the HA1 membrane-
distal globular domain. It is very likely that inhibition of this
domain’s £exibility would prevent the formation of the cavity,
and thus fusion. Indeed, cross-linking the membrane-distal
domain via disulphide bonds abolishes membrane fusion
[32,33]. We surmise that the cavity or ‘channel’ is an essential
characteristic of the fusion-competent conformation.
This fusion-competent structure is di¡erent from the well-
de¢ned extended coiled coil, rod-like structure of HA2 frag-
ments [6,34]. An elongated structure of HA, like the extended
triple stranded coiled coil, could have been easily identi¢ed by
our approach. Although our low pH structure does not nec-
essarily suggest such conformational changes, very likely it is
an intermediate structure enabling the contact with the target
membranes via the hydrophobic HA sequences becoming ex-
posed. The structure could then still transfer into the low pH
conformation proposed by Wiley and coworkers [6,7,34] upon
interaction with the lipid phase of the target membrane. In
particular, the continuous cavity (Fig. 3) within the trimer
might facilitate the relocation of the ’fusion peptide’. It was
found that the loop region between the two K-helices of the
neutral pH form remains highly £exible at low pH [35]. Both
the £exibility of the loop region and the cavity may give rise
to conformational alterations facilitating the relocation of the
fusion peptide towards the tip of the ectodomain, the site of
the target membrane. In this way, the transient association of
the HA1 globular domains and the cavity represent essential
features of the fusion-competent structure. Eventually, in the
presence of the target membrane, the formation of the ex-
tended trimeric coiled coil enables the insertion of the fusion
peptide into [36] and destabilisation of the target membrane.
According to our data and as suggested very recently [31], the
coiled coil is likely to represent the ¢nal state of the low pH
mediated conformational transitions of the ectodomain, but
not the precursor of fusion.
Based on low resolution cryo-electron microscopy a three-
state model has been suggested which relates the conforma-
tional transitions of HA to the mechanism of viral fusion
[24,37,38]. According to this model, HA undergoes a pro-
ton-driven shift from a ‘T’ (tense) state at neutral pH, to a
state maintaining the typical spike morphology of HA trimers.
This metastable state which is relaxed with respect to the T
state was termed ‘R’. It was followed by a transition to the
‘D’ (desensitised) state for which a fuzzy morphology is char-
acteristic. Independent evidence was given that the R state
resembles a fusion active conformation of HA, while the D
state resembles an inactivated structure [24,35]. In line with
that, Shangguan and coworkers [31] recently showed that in-
activation of A/PR/8/34 HA at pH 4.9 correlated with loss of
spike morphology as determined by cryo-electron microscopy.
Very likely, the fusion-competent structure identi¢ed here by
3D cryo-microscopy re£ects the R state.
We propose that the HA1 domain does not only prevent
the conformational change of the HA2 subunit at neutral pH
[5], but it also controls the conformational change of HA2 at
low pH to enable fusion. This supports a very recent study of
Gray and Tamm [39] which suggested a key role of HA1 at
acidic pH for correct orientation of HA2 with respect to the
target membrane enabling fusion. Presumably, the transient
Fig. 4. Acidi¢cation causes distinct alterations in the HA ectodo-
main. Changes in the ectodomain of in£uenza haemagglutinin HA
(pH 7.4) upon acidi¢cation to pH 4.9 are revealed by extracting a
slice from each of the reconstructions. The relevant area is indicated
by dotted lines in the secondary structure representation of the X-
ray data at neutral pH (PDB ID: 2HMG), centre of the ¢gure. The
extracted parts of both EM structures were rotated about 40‡ to
visualise di¡erences which occur in the stem region between neutral
(left) and low pH (right) conformation. Upon acidi¢cation, the ab-
sence of the K-helices at the pH 7 position becomes evident.
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stability of the association of the HA1 membrane-distal do-
mains is an important factor retarding the inactivation of
in£uenza virus at low pH, too. Dissociation of the domains
exposes the fusion sequence with its strong hydrophobic prop-
erties [40]. Coiled coil structures with an exposed hydrophobic
fusion sequence at the tip immediately tend to aggregate and/
or insert into the viral membrane in the absence of a target
membrane [41,42]. This would drive the ectodomain into a
fusion inactivated conformation. Thus, membrane fusion re-
quires a distinct sequence of conformational changes of viral
fusion proteins. This sequence is determined by the structure
of the fusion protein as well as the presence of the target
membrane. Substances which inactivate fusion irreversibly
by disturbing the sequence of conformations at low pH are
attractive candidates to prevent in£uenza virus infection [43].
Notably, aggregation of HA trimers impairs our approach
since trimers can no longer be treated as single particles in
the image processing procedure. Therefore, we regard it as
very di⁄cult to identify the coiled coil conformation of the
intact HA in the absence of the target membrane.
The angular reconstitution/cryo-microscopy approach is
used here for the ¢rst time to elucidate the 3D structure of
a relatively small membrane-anchored protein in di¡erent
conformational states. The resolution of 10 Aî attained is
one of the highest achieved by single particle analysis to
date. Bearing in mind that a standard electron cryo-micro-
scope with a thermionic electron source, rather than a highly
coherent Field Emission Gun, was used in our study, it is
obvious that there remains substantial room for improvement
towards higher resolution.
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